-sensing receptor, ZnR/GPR39, which triggers cellular signaling leading to epithelial cell proliferation and survival. Epithelial cells that express ZnR, particularly colonocytes, are facing frequent changes in extracellular pH which are of physiological and pathological implication. Here we show that ZnR/GPR39-dependent Ca 2+ responses in HT29-colonocytes were maximal at pH 7.4, but were reduced by about 60% at pH 7.1, and were completely abolished at pH 6.5. Intracellular acidification did not attenuate ZnR/GPR39 activity, indicating that the pH sensor of this protein is located on an extracellular domain. ZnR/GPR39-dependent activation of extracellular regulated kinase (ERK)1/2 or AKT pathways was abolished at acidic extracellular pH of 6.5. A similar inhibitory effect was monitored for the ZnR/GPR39-dependent upregulation of Na + /H + exchange activity, at pH 6.5. Focusing on residues putatively facing the extracellular domain we sought to identify the pH sensor of ZnR/GPR39. Replacing the histidine residues forming the Zn 2+ -binding site, His17 or His19, or other extracellular-facing histidines to alanine residues did not abolish the pHdependence of ZnR/GPR39. In contrast, replacing Asp 313 to alanine resulted in similar Ca 2+ responses triggered by ZnR/GPR39 at pH 7.4 or 6.5. This mutant also showed similar ZnR-dependent activation of ERK1/2, AKT and Na + /H + exchange at both pH levels. Importantly, substitution of Asp 313 to His or Glu residues restored pH sensitivity of the receptor. This indicates that Asp 313 is an essential residue of the pH sensor of GPR39. In conclusion, ZnR/GPR39 is tuned to sense physiologically relevant changes in extracellular pH that thus regulate ZnRdependent activity.
Extracellular zinc activates a selective zinc sensing G-protein coupled receptor (ZnR) that serves as a possible link between Zn 2+ and its well-established roles in epithelial function (1, 2) . Upon interaction with extracellular Zn 2+ , at physiological concentrations, ZnR triggers the IP 3 pathway to release intracellular Ca 2+ (3, 4) . In colonocytes, keratinocytes and prostate cancer cells ZnR mediates extracellular Zn 2+ -dependent activation of MAP and PI3 kinase pathways, and thereby enhances cell proliferation and survival (5-7) as well as regulates ion transport (8, 9) . We further demonstrated that GPR39 is the endogenous ZnR that is activating Zn 2+ -dependent signaling in keratinocytes, colonocytes and neurons (9) (10) (11) . Analysis of GPR39 KO mice indicated that these mice have accelerated gastric emptying and increased secretions (12) , thus linking this receptor to digestive system function. In addition, activation of the Na + /H + exchanger by ZnR was absent in colon epithelium obtained from GPR39 KO mice (11) , also linking GPR39 to the activity of the ZnR in this tissue (5) . Changes in pH during physiological or pathological conditions are common in tissues exhibiting ZnR activity among them brain, skin, colon and salivary gland. These pH changes are of fundamental importance in regulating a vast array of physiological processes ranging from hormonal secretion to cell survival (13) (14) (15) (16) . Probably most prominent is the regulation of pH in the gut, which varies significantly under normal physiological activity following mucosal secretion of buffers such as bicarbonate or luminal production and absorption of short chain fatty acids (17) (18) (19) . Abnormal acidic colonic pH is associated with intestinal bowel disease and alkalization of fecal pH has been monitored in colorectal cancer (17) (18) (19) (20) . On the cellular level, changes in extracellular pH were shown to interfere with CaCo-2 colonocytes migration, proliferation, and differentiation (14) . The cellular mechanisms linking pH changes to these processes in the digestive system are not well understood. Most notable, it is unclear if colonocytes have a pH sensor that is tuned to sense perturbations of colonic pH at the physiologically relevant range. Sensors of pH changes on receptors and channels are composed of acidic and histidine residues (21). These residues also coordinate Zn 2+ in high affinity binding sites of numerous proteins (22,23). Thus, pH changes may affect the interaction of Zn 2+ with its binding sites. Previous studies indicate that histidine and aspartate residues also comprise the Zn 2+ binding site on ZnR/GPR39 (24). We find that ZnR-dependent Ca 2+ release and subsequent activation of kinase pathways and ion transport are highly regulated by extracellular pH in HT29 colonocytes. Our results further show that an aspartate residue, putatively facing the extracellular domain in ZnR/GPR39, is critical for pH sensing by this receptor.
EXPERIMENTAL PROCEDURES
Cell Culture: HT29-Cl and HEK293 cells were grown in standard DMEM medium containing, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2 mM glutamine and 10% (v/v) fetal calf serum (Biological Industries, Israel), in a 5% CO 2 humidified atmosphere at 37°C. Cells were routinely checked for mycoplasma detection. to Glu (D313E): 5'-CCAAGCACGAGTGGACGAGGTCCTACTTC CGGG-3' and 5'-CCCGGAAGTAGGACCTCGT CCACTCGTGCTTGG-3'. Using the same primer templates we also generated a 3MUT: H17A/H19A/D313A and 4MUT: H17A/H19A /H198A/H199A. All mutations were verified using sequence analysis.
Cell transfection: For GPR39 overexpression, HEK293 cells were seeded on glass cover slides 24 h prior to transfection in standard DMEM culture media as described above. Cells were transfected using Jet-PEI (Polyplus-transfection, France) according to manufacturer protocol, with 0.3 µg of plasmid DNA coding for WT or mutant GPR39 as described (25), and used 48 h post transfection. For GPR39 silencing, HT29 cells were seeded in 60 mm plates, 24 h prior to transfection in standard DMEM media as described above. Cells were transfected with siRNA (Sigma-Aldrich, Israel) using Lipofectamine 2000 according to the manufacturer protocol. siRNA used for GPR39 silencing: 5'-CCAUGGAGU UCUACAGCAU-3', and siRNA control (scrambled) sequence was 5'-GCCCAGAUC CCUGUACGU-3'. Immunoblot analysis for expression of GPR39 and mutants: Protein expression was monitored using western blot analysis. HT29 cells or HEK293 cells were seeded on 60 mm plates, and transfected as described above. At 48 h after transfection, cells were harvested into lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 10 μM MgCl2, 20 mM pnitrophenyl phosphate, 1 mM Na3VO4, 25 mM NaF), in the presence of Protease Inhibitor Cocktail (1:25 Complete, Roche, Germany). Lysates were placed on ice for 10 min and then centrifuged for 30 min (14,000 rpm) at 4°C. Supernatants (cytosolic fraction) were collected, protein concentrations were determined using BioRad protein assay, SDS sample buffer was added, and samples were boiled for 5 min and then frozen at -80 o C until used. Whole cell lysates (50 μg) were separated on 10% SDS-PAGE and blotted onto nitrocellulose membranes. Proteins were detected using antibodies raised against: human GPR39 (for HT29 cells, Abcam, UK) Flag (for the tagged GPR39 plasmid, GenScript U.S.A Inc., U.S.A) or -actin (Cell Signaling Technology Inc., U.S.A). Densitometric analysis of expression level was performed using EZQuant-Gel software (EZQuant, Israel). Protein levels were normalized to actin levels, and are presented as a percentage of the expression level of WT GPR39. Each graph represents an average of at least three independent experiments. Analysis of Kinase Activation: HT29 cells were seeded on 60 mm plates and serum starved for 24 h, as described above. Cells were Zn 2+ or control treated (100 μM for 10 min) in Ca 2+ free Ringer's solution, and incubated for an additional 10 min. For analysis of kinase activation in HEK293 cells, overexpressing WT or mutant GPR39, were transfected as described above and serum starved for 24 h. Cells were Zn 2+ or control treated (100 μM for 2 min) in Ca 2+ free Ringer's solution without further incubation. Cells were harvested and samples were prepared as described above. Kinase phosphorylation was assayed with 10% SDS-PAGE (5) and analyzed using antibodies raised against the doubly phosphorylated ERK1/2 and total ERK1/2 (Sigma-Aldrich, Israel) or phosphorylated AKT (Santa-Cruz Biotechnology, U.S.A) and total AKT (Sigma-Aldrich, Israel). Densitometry analysis of expression level was performed as described above. Levels of pERK1/2 and pAKT were normalized against the total ERK1/2 or AKT protein, respectively. Phosphorylation of ERK1/2 or AKT is presented as a percentage of the phosphorylation level triggered by application of 100 μM Zn 2+ at pH 7.4. Each bar graph represents an average of at least three independent experiments. (Fig. 1B-C) . This response was completely abolished at pH 6.5 ( Fig. 1B-C Exposure of HT29 cells to extracellular acidic pH (pH 6.5) may induce translocation of the ZnR from the plasma membrane or irreversibly inactivate the ZnR. To determine if the pHdependent loss of ZnR activity was related to these events we treated the cells with Ringer's solution at pH 6.5 for 2 min and then applied Zn 2+ in Ca 2+ -free Ringer's solution at pH 7.4 while monitoring the Ca 2+ response. Similar rates of Ca 2+ release were monitored in cells pretreated at pH 6.5 or kept at pH 7.4 throughout the experiment ( Fig.  2A ). This result indicates that the effect of pH on ZnR is transient and not related to irreversible changes of ZnR/GPR39. Changes in extracellular pH may modulate the intracellular pH and thereby regulate ZnR responses. Hence we determined the effect of pHi acidification on ZnR activity using the NH 4 Cl prepulse paradigm, which does not affect extracellular pH but induces steep intracellular acidification (see Experimental procedures and inset of Fig. 2B ). Application of Na + -free Ringer's solution (iso-osmotically replaced by NMG, pH 7.4) following cellular acidification prevents Na + /H + exchange (NHE) activity and hence pHi recovery. Using this paradigm, pHi is maintained at values of less than 5 (Fig. 2B inset) . Addition of Zn 2+ (at extracellular pH of 7.4) triggered a ZnRdependent Ca 2+ response that was monitored with Fura-2 fluorescence (Fig. 2B) . Despite the strong intracellular acidification, ZnR-dependent Ca 2+ response was unaltered. The Ca 2+ response triggered by ATP, which served as control, was also insensitive to intracellular acidification (rate of Ca 2+ rise in control cells was 13.2±1.4 ΔR/s versus 11.1±4.3 ΔR/s following intracellular acidification). Altogether our results indicate that extracellular pH modulates ZnR/GPR39 activity, but this receptor is insensitive to intracellular pH changes. Activation of ZnR triggers Zn 2+ -dependent phosphorylation of AKT and ERK1/2 (5) leading to colonocytes proliferation and survival (11) . We therefore asked if the Zn 2+ -dependent activation of these signaling pathways will be modulated by pH-dependent regulation of ZnR. Western blot analysis was used to compare the Zn 2+ -dependent phosphorylation of AKT and ERK1/2 following exposure to Zn 2+ (100 µM, 10 min) in Ringer's solution at pH 7.4 or 6.5. Application of Zn 2+ at pH 7.4 to HT29 cells was followed by approximately 20-fold increase in phosphorylation of AKT (pAKT) and 10-fold increase in ERK1/2 phosphorylation (pERK1/2) compared to nontreated cells (Fig. 3A-B) . In contrast, application of Zn 2+ at pH 6.5 was followed by only 3-fold increase of pAKT level and 2-fold increase of pERK1/2 compared to control cells (maintained at pH of 6.5 for the same time but not treated with Zn 2+ , Fig. 3A -B). Thus, application of Zn 2+ at pH 6.5 resulted in reduced pAKT (30±4.5%) and pERK1/2 (25±2.9%) levels compared to the phosphorylation level monitored following application of Zn 2+ at pH 7.4 (100%). Zn 2+ , via ZnR, upregulates Na + /H + exchange (NHE) and thereby regulates pHi (5). We therefore asked whether changes in extracellular pH regulate the ZnR-dependent activity of NHE in HT29 cells. Cells were pre-incubated with Zn 2+ (100 µM , 2 min) at either pH 7.4 or 6.5, and the activity of NHE was subsequently monitored using the NH 4 Cl prepulse paradigm (5 pretreatment at pH 7.4 resulted in a recovery rate of 0.16±0.02 pH i /s, the recovery rate following Zn 2+ pretreatment at pH 6.5 was reduced to 0.023±0.004 pH i /s. Moreover, pHi recovery rates in cells that were pretreated with Zn 2+ at pH 6.5 were similar to those of control cells (0.05±0.006 pHi/s), suggesting that upregulation of NHE activity by Zn 2+ is eliminated when Zn 2+ is applied at pH 6.5. Altogether our results indicate that ZnR activity and signaling in HT29 colonocytes is largely attenuated at pH 6.5 or 8, and is maximal at pH 7.4. Thus it is regulated at a narrow pH range that is physiologically relevant in the lumen of the colon (19) .
Histidine residues that participate in Zn

2+
binding are not acting as the pH sensor of GPR39. We then set to identify the pH sensor site on ZnR/GPR39. Based on the role of His residues in numerous pH sensors (21) we initially focused on the His residues suggested to form the Zn 2+ binding site on GPR39 (24). Using site directed mutagenesis we created GPR39 mutants in which these residues were replaced. We then expressed the wildtype (WT) and mutant GPR39 in HEK293 cells, which allow effective overexpression, and asked if extracellular pH is also regulating the Zn 2+ -dependent response in the overexpressing cells. We therefore first performed analysis of pH dependence of the initial rate of the Zn 2+ -dependent Ca 2+ rise in HEK293 cells transfected with WT GPR39. As shown in Fig. 4A Fig. 5A and (24) ). We first replaced these residues to alanine (H17A, H19A and a double mutant H17A/H19A). In addition, we studied the role of two His residues (His 198 and His 199 ) found on the putative extracellular loop 2, which were also suggested to regulate the Zn 2+ -dependent signaling (24). We generated a double GPR39 mutant in which His198 and 199 were substituted with Ala (H198A/H199A), and an additional mutant replacing all four His residues involved in the Zn 2+ binding site, H17A/H19A/H198A/ H199A, to Ala (4MUT). Immuno-blot analysis of these constructs showed that expression levels of GPR39 H17A, H19A, H17A/H19A, H198A/ H199A or H17A/H19A/ H198A/H199A (termed 4MUT) constructs in HEK293 cells was similar to that of WT GPR39 (Fig. 5B) . The initial rate of the Zn 2+ -dependent Ca 2+ i rise was monitored using Fura-2 loaded cells. In H17A, H19A and H17A/H19A transfected cells the initial rate of the Ca 2+ rise was reduced to 66±6%, 44±2% or 34±11%, respectively, of the response of WT GPR39 (Fig. 5C ). Such decrease in the Zn 2+ -dependent activity of these mutants is in agreement with the role of these residues in the Zn 2+ binding site. Similarly, the 4MUT construct shows only 30±6% response compared to WT GPR39, consistent with the low activity of the H17A/H19A mutant. Note that the Zn 2+ -dependent Ca 2+ rise triggered in cells expressing the GPR39 H17A/H19A mutant was small but always apparent, as observed using Fura-2 measurements, in contrast to loss of activity that was described when IP 3 release was monitored in a previous study (24 (Fig. 7A) . We then loaded cells with Fura-2 and monitored the Zn 2+ -dependent Ca 2+ i release as in Fig. 6 . The initial rate of Ca 2+ i rise at pH 7.4 was reduced in cells expressing the D313A construct to 41±6% compared to WT GPR39, an effect that was similar to the response of other mutants of the binding site (see Fig. 5C ). However, the Zn 2+ -dependent Ca 2+ response in cells expressing the D313A mutant was strikingly similar at pH 7.4 and 6.5 (Fig. 7B) . Thus, expression of the D313A mutant results in loss of pH sensitivity, and retains the full Zn 2+ -dependent Ca 2+ response at pH 6.5. Importantly, although the activity of the D313A mutant at pH 7.4 is similar to that of H19A or H17A mutants, only this mutant is pH insensitive. Finally, the initial rate of the Zn 2+ -dependent Ca 2+ response of cells expressing the 3MUT (H17A/H19A/D313A) construct was 21±4% of the WT GPR39 response at pH 7.4. This greatly reduced Zn 2+ -dependent activity is expected when all three residues suggested to comprise the main Zn 2+ -binding site are replaced (24). As expected, the Zn 2+ -dependent response of cells expressing the 3MUT (H17A/H19A/D313A) construct was similar at pH 6.5 and pH 7.4 (Fig. 7C) We then asked if the loss of pH regulation of the D313A mutant would also affect the pH dependence of the downstream signaling pathways or transport activity regulated by ZnR/GPR39. We first determined if AKT and ERK1/2 phosphorylation triggered in cells expressing the D313A mutant are regulated by extracellular pH. HEK293 cells expressing either the WT GPR39 or D313A mutant were treated with Zn 2+ (100 µM, 2 min) as described in Fig. 3 and in "Experimental procedures". Immunoblot analysis of the Zn 2+ -dependent phosphorylation of AKT (Fig. 8A ) and ERK1/2 ( Fig. 8B ) in HEK293 cells transfected with WT GPR39 showed robust activation of these kinases when Zn 2+ was applied at pH 7.4 but not at pH 6.5. This is consistent with the pH regulation of WT ZnR/GPR39 activity in HT29 cells. In contrast, Zn 2+ -dependent phosphorylation of AKT (Fig. 8A ) and ERK1/2 (Fig. 8B) response in cells expressing the D313A mutant. Next, we asked if expression of the D313A mutant will also alter the pH sensitivity of the ZnR-dependent upregulation of NHE activity. The rate of Na + /H + exchange activity was compared in HEK293 cells expressing WT GPR39 or the D313A mutant at pH 6.5 and 7.4, using the same experimental setting used for HT29 cells (Fig. 3) . Cells were loaded with BCECF and pretreated with Zn 2+ (100 M, 2 min) at pH 7.4 or pH 6.5. Next, the cells were subjected to the NH 4 Cl prepulse paradigm, and the recovery rate from acidification was monitored. In HEK293 cells transfected with WT GPR39, the rate of NHE activity following pretreatment with Zn 2+ at pH 7.4 was increased compared to control (recovery rates of 0.11±0.04 pH i /s with Zn 2+ versus 0.010±0.004 in controls, Fig. 8C Fig. 8D ). Remarkably, in cells expressing the D313A mutant upregulation of NHE-dependent pHi recovery rate was maintained when Zn 2+ was applied at pH 6.5 (0.03±0.01 pH i /s, Fig. 8D ). Altogether, expression of D313A mutation eliminated the pH dependence of ZnR signaling, including the effect of acidic pH on Zn 2+ -dependent Ca 2+ response, AKT and ERK1/2 phosphorylation and regulation of NHE activity.
Replacing Asp 313 to His or Glu residues restores the pH sensitivity of GPR39.
Finally, we asked if other residues that participate in pH sensing and Zn 2+ binding (23,30,31), such as His or Glu, can rescue the pH sensitivity of the Zn 2+ -dependent response. Hence, we replaced Asp 313 to His (D313H) or Glu (D313E) residues and studied the Zn 2+ -dependent Ca 2+ response at pH 7.4 and 6.5. The expression levels of the D313H and D313E mutants were similar to those of WT GPR39 (Fig. 9A) . The Zn 2+ -dependent Ca 2+ i release triggered by the D313H mutant, at pH 7.4, was similar to that of WT GPR39 (90±12% of the response obtained with WT GPR39). Interestingly, the Ca 2+ response of cells expressing the D313H mutant at pH 6.5 was 42±8% of the response obtained with WT GPR39 at pH 7.4 (Fig. 9B) . Hence, replacing Asp 313 to a His residue restored the pH sensitivity of the Zn 2+ -dependent Ca 2+ response. We then measured the initial rate of the Zn 2+ -dependent Ca 2+ rise in cells expressing the D313E mutant. When Zn 2+ was applied at pH 7.4 the response was 55±9% (Fig.  9C ) of the response obtained in WT GPR39 (pH 7.4). However when Zn 2+ was applied at pH 6.5 to cells expressing the D313E mutant the Ca 2+ response was only 21±3% of the response obtained in WT GPR39 (Fig. 9C) . Although the D313E mutant showed partial decrease of the Zn 2+ -dependent Ca 2+ response compared to WT GPR39, the pH sensitivity of this mutant was also fully restored and was similar to that of the WT ZnR/GPR39. Both, the D313E and D313H mutants exhibited a pH-sensitive ZnR response and thus rescued the GPR39 pH sensor.
DISCUSSION
Activity of a Zn
2+ sensing receptor, which mediates between changes in extracellular Zn 2+ and cellular signaling, was introduced more than a decade ago (3). Yet, only recently the endogenous ZnR was molecularly linked to GPR39 using siRNA and a genetic knockout mouse model (9,10). Here we show that ZnR/GPR39 signaling activity is highly regulated by extracellular pH. ZnR/GPR39 activity is maximal at pH 7.4 but is attenuated already at pH 7.7 or 7.1. The endogenous ZnR signaling is totally abolished at pH 6.5 in HT29 cells. Thus ZnR/GPR39 is adjusted as a physiologically relevant pH sensor, regulated within a narrow range. Such small pH changes are found in the lumen of the colon (19, 20) . Under normal conditions, changes in luminal colonic pH do not easily affect the peri-apical side of the colonocytes, which are buffered by secretion of bicarbonate-rich mucus. This creates a relatively constant microenvironment for the cells with changes in the narrow pH range of 7-7.5 (32,33). Hence, under physiological conditions the pH changes that occur at the apical surface of colonocytes regulate Zn 2+ -dependent intracellular signaling via ZnR/GPR39. Regulation of the periapical pH is mediated by bicarbonate secretion and thus a smaller effect of alkaline pH on ZnR/GPR39 activity allows the Zn 2+ receptor to be less sensitive to the secretion process. Most pH sensors in the colon are expressed in afferent neurons and sensitized to much lower pH values, i.e the transient receptor potential (TRP) channels and the acid sensing ion channels (ASIC) that are activated at pH below 6 (15, 34, 35) . Indeed these receptors are involved in pain sensation and inflammatory hyperalgesia (36). In contrast, our data indicates that ZnR/GPR39 tightly regulates the activity of the epithelial cells at the physiological pH range. We currently do not know the exact localization of ZnR/GPR39 in colonocytes, however our functional analysis using native colon tissue indicate that it is activated by luminal application of Zn 2+ , suggesting that ZnR/GPR39 is found on the apical surface (5,11). Interestingly, a Ca 2+ sensing receptor, CaSR, is a GPCR that is found on the basolateral side of colonocytes and is tuned to sense alkaline pH changes monitored on this side of the cells (27,37,38). It will be of interest to determine if the concerted activity of the CaSR and ZnR shape the response of colonocytes to pH, and regulate short chain fatty acid transport and bicarbonate secretion (39). In the gastric mucosa Zn 2+ is indeed involved in regulation of acid secretion via a Ca 2+ -dependent mechanism (40). While physiological pH is kept within a narrow range, large changes in colon pH, in particular chronic acidification, is often encountered during inflammatory bowel diseases (19) . Our results indicate that such drop in pH will result in profound attenuation of ZnR/GPR39 Ca 2+ response and in turn, suppress Zn 2+ -dependent ERK1/2 and AKT kinase activation. These signaling pathways are associated with enhanced proliferation and survival, processes that were induced by ZnR/GPR39 in epithelial tissues (5, 6, 11, 41) . Zinc was suggested to ameliorate symptoms of colitis (42,43) via an unknown mechanism, yet impairment of ZnR-dependent signaling may contribute to the epithelial erosion encountered during inflammatory bowel disease. The Na + /H + exchanger in the colon plays a key role in solute transport and pH homeostasis (41, 44, 45) . The latter function is of particular importance considering the high concentration of short chain fatty acids generated by bacterial fermentation in the gut lumen. Our data indicate that Zn 2+ -dependent activation of NHE is completely diminished when Zn 2+ is applied at pH 6.5. This was evident in HT29 cells endogenously expressing GPR39 (Fig. 3) , and was reproduced in HEK293 cells overexpressing WT GPR39 (Fig.  7) . This finding is also consistent with our previous studies demonstrating that the activation NHE by Zn 2+ is mediated through ERK1/2 signaling (5,10), which is also inhibited at this pH. Activation of an apical NHE, however, acidifies the peri-apical domain. Thus, downregulation of ZnR/GPR39 activity at low pH may provide a feedback mechanism to regulate the peri-apical pH level. Acidic residues are essential components of pH sensors in numerous proteins (46) . Similar acidic residues also compose Zn 2+ binding sites (47) . A link between Zn 2+ and pH sensors has been previously described in regulating the purinergic P2X Ca 2+ channels (21,48). Our results indicate that ZnR/GPR39 interaction with Zn 2+ ions, via His and Asp, residues is also regulated by pH in HT29 colonocytes and in HEK293 cells ectopically expressing the receptor. Following internal acidification no change in ZnR/GPR39 response was monitored, indicating that only extracellular pH regulates the response. Such regulation by extracellular, but not intracellular, pH was also observed for the CaSR where protonation of residues on the ligand binding site was suggested to mediate pH sensing (27). A similar mechanism may be induced by oxidation and regulate Zn 2+ and Ca 2+ signaling in gastrointestinal cells (49, 50) . The effect of pH on receptor activity may result from conformational changes following different protonation states. Indeed, such pH-sensitive conformational changes have been shown to regulate activity of ion and water channels, affinity of proteins for binding actin filaments and activity of viral and bacterial proteins controlling host cell entry (46) . A family of lipid sensing GPCRs has been suggested to sense extracellular protons via His residues that affect the conformation of the receptors and directly trigger their activation even in the absence of the lipid ligand (51) . Our results do not show ZnR/GPR39 signaling in the absence of Zn 2+ , the endogenous ligand of this receptor, arguing against such mechanism. The attenuation of Zn 2+ -dependent signaling in pH 6.5 was short-termed and reversible as subsequent Zn 2+ -dependent (applied at pH 7.4) Ca 2+ response was observed. This reversal of the pH-dependent inhibition of ZnR/GPR39 response does not support a mechanism involving changes in the surface expression of the receptor. Another possible mechanism for pH regulation of receptor function was suggested for the CaSR, where changes in Glu residues at the ligand binding site affect the ability of the receptor to interact with its ligand (27). Similar allosteric regulation of the binding site was suggested for the mGluR4 receptor by pH (52) . The Zn 2+ binding site on GPR39 is comprised of His 17 and His 19 residues located at the extracellular N-terminal segment (24). The location of the His residues in the extracellular Nterminal region of the receptor corresponds to our extracellular pH dependence. However, despite the reduced Ca 2+ response of the ZnR/GPR39 H17A, H19A and H17A/H19A mutants, they all retained their pH sensitivity. These results indicate that these His residues on the Zn 2+ binding site are not essential for ZnR/GPR39 pH sensing. Previous functional analysis of Asp 313 in GPR39 suggested that replacing this residue with Ala resulted in high constitutive IP 3 release (24). Likely due to this constitutive activity, further Zn 2+ -dependent response was not observed. We find that replacing Asp 313 with Ala resulted in a mutant that retained significant Zn 2+ -dependent activity, albeit lower than that of WT GPR39. Furthermore, replacement of all three residues: Asp 313 along with His 17 and His 19 results in a mutant that shows very low residual activity that is maintained at a similar rate at pH 6.5, thus this triple mutant loses the ZnR/GPR39 pH dependence. Importantly, mutation of Asp 313 to alanine is sufficient to completely eliminate the ZnR/GPR39 pH sensitivity. Moreover, replacement of Asp 313 with Ala also reversed the inhibitory effect of extracellular acidic pH on the ZnR-dependent AKT and MAPK activation and upregulation of Na + /H + exchange. In contrast, the H17A/H19A double mutant as well as the 4MUT (H17A/H19A/H198A/H199A) also showed low residual activity compared to WT GPR39, but acidic pH further lowered this activity. Thus a major conclusion of this study is that the Asp 313 residue is essential for pH sensing. Replacing Asp 313 with His or Glu residues, which are often found in pH sensors of proteins, restored the pH sensitivity of the receptor. Hence, the presence of a residues capable of protonationdeprotonation fully rescued the pH site on GPR39. Our findings are also consistent with previous findings indicating that Asp/Glu residues are critical for pH sensors of numerous channels and receptors among them most notable Asp 94 on human hemoglobin (53) , and Asp 269 on Tsr chemoreceptor in E.coli (54 binding site on GPR39, several aspects regarding the activity of GPR39 mutants in this work differ from those shown in the previous study (24). In the previous study GPR39 and specifically the D313A mutant showed constitutive IP 3 release in the overexpressing cells. We do not see constitutive Ca 2+ response of GPR39 or of its D313A mutant as measured using Fura-2. Another major difference is that the activity of the H17A/H19A mutant showed no Zn 2+ -dependent IP 3 release in the previous study (24). We however, found that this mutant exhibits a small but clearly apparent Zn 2+ -dependent Ca 2+ response, which is about 30% of the response of the WT GPR39. Moreover, we see clear Zn 2+ -dependent activity of the D313A mutant and measure significant Zn 2+ -dependent upregulation of NHE activity as well as AKT and MAPK phosphorylation. Finally, our results show that the triple mutant of the suggested Zn 2+ -binding site (H17A/H19A/D313A) maintains Zn 2+ -dependent activity. This residual response following the deletion of key Zn 2+ -binding residues suggests that additional sites may participate in Zn 2+ binding of GPR39, as is also suggested for the Ca 2+ sensing receptor, CaSR (27). The basis for the differences in the Zn 2+ -dependent activity between the present and previous (24) studies is not fully clear but may result from the different assays used. For example, while IP 3 release was monitored in the previous study we measured the subsequent Ca 2+ release and kinase activity. Therefore, a possible explanation is that the constitutive release of IP 3 may not be sufficiently strong to trigger Ca 2+ release. Alternatively, the constitutive activity may also be attributed to varying residual Zn 2+ often found in physiological solutions (10, (55) (56) (57) . Finally, the apparent constitutive activity of the H17A/H19A or D313A mutants in the previous study (24) may have masked their Zn 2+ -dependent activity. In contrast, the low baseline activity in the Ca 2+ measurements allowed us to monitor the Zn 2+ -dependent Ca 2+ activity and downstream signaling of the mutants. Altogether our results identify a strong pH dependence of ZnR/GPR39 signaling. In colonocytes this modulates Zn 2+ -dependent signaling and thereby activation of cell survival pathways and regulation of ion transport within a physiologically relevant pH range. We further find that Asp 313 is essential for pH sensing by ZnR/GPR39.
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Acuna-Castillo, C., Coddou, C., Bull, P., Brito, J., and Huidobro-Toro, J. P. AKT and ERK1/2 phosphorylation in HT29 cells was monitored following application of Zn 2+ (100 µM, 10 min) in Ringer's solution at pH 7.4 or 6.5. Immunoblots using antibodies against phospho-or total-AKT (A) and ERK1/2 (B) are shown (upper panels). Phosphorylated protein levels were normalized to the total protein, and is presented as percentage of the phosphorylation induced by Zn 2+ at pH 7.4 (lower panels, n=4, * p<0.05). C. ZnRdependent upregulation of NHE activity was monitored in HT29 cells using the NH 4 Cl prepulse paradigm. Intracellular pH was monitored in BCECF loaded cells and the recovery rates from internal acidification, upon addition of Na + -containing Ringer's solution, were monitored. Rates were compared between cells pretreated with Zn 2+ (100 µM, 2 min) applied in Ringer's solution at the indicated pH or in control cells that were incubated in Zn 2+ -free Ringer's solution at pH 7. Fig. 4A ) are presented as percentage of the WT GPR39 response (n=4, *p<0.05). Clear Zn 2+ -dependent Ca 2+ rises were observed in all mutants but were smaller in mutants of the Zn 2+ -binding site. AKT and ERK1/2 phosphorylation in HEK293 cells expressing either WT GPR39 or D313A mutant were monitored following application of Zn 2+ (100 µM, 2 min) in Ringer's solution at pH 7.4 or 6.5. Immunoblots using antibodies against phospho-or total-AKT (A) and ERK1/2 (B) are shown (upper panels). Phosphorylated protein levels were normalized to the total protein, and are presented as percentage of the phosphorylation induced by Zn 2+ at pH 7.4 (lower panels, n=4, * p<0.05 compared to WT control and # p<0.05 compared to D313A control). C-D. ZnR-dependent upregulation of NHE activity was monitored in HEK293 cells, expressing WT GPR39 (C) or D313A (D), using the NH 4 Cl prepulse paradigm. Intracellular pH was monitored in BCECF loaded cells and the recovery rates from internal acidification, upon addition of Na + -containing Ringer's solution, were monitored. Rates were compared between cells pretreated with Zn 2+ (100 µM) applied in Ringer's solution at the indicated pH or in control cells that were incubated in Zn 2+ -free Ringer's solution at pH 7.4. Representative traces of the pH i recovery following the NH4 + prepulse paradigm (top panel, for simplicity only the recovery phase following addition of Na + is shown) and the averaged recovery rates (bottom panel) are shown (n=3 *p<0.05 compared to WT control and # p<0.05 compared to D313A control). 
